INTRODUCTION
The Central Asian Orogenic Belt, sandwiched between the Siberian and European blocks to the north and the Tarim and North China blocks to the south, is the largest Phanerozoic accretionary orogen on Earth, with a long-lived evolution involving multistage accretion of continental blocks, microcontinents, seamounts, arcs, and accretionary complexes within the Paleo-Asian Ocean during Neoproterozoic to Paleozoic times (Şengör et al., 1993; Jahn et al., 2000 Jahn et al., , 2006 Windley et al., 2007; Xiao et al., 2009a Xiao et al., , 2009b Xiao et al., , 2012 Eizenhöfer et al., 2014 Eizenhöfer et al., , 2015a Eizenhöfer et al., , 2015b Zhu et al., 2015) . The Junggar ocean, once situated north of the Yili and Central Tianshan blocks (Fig. 1A) , represents a major southern segment of the Paleo-Asian Ocean (e.g., Xiao et al., 2009a Xiao et al., , 2012 Xiao et al., , 2013 . Therefore, the detailed evolution of the Junggar ocean can provide critical information on the development and particularly final assembly of the southern parts of the Central Asian Orogenic Belt. Numerous models have been proposed, but no consensus has emerged, especially for the timing of its closure, with models ranging from those arguing for an early Paleozoic closure (e.g., Zhu et al., 2002) , through those suggesting a middle Carboniferous cessation (e.g., Ma et al., 1997) , to those favoring a late Carboniferous termination (e.g., Yang et al., 1996; Shu et al., 1999 Shu et al., , 2002 Zhou et al., 2001 ). These models have been further modified or complicated by subsequent geochemical investigations. For example, Yang et al. (2012) obtained a laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) U-Pb zircon age of 439.9 ± 2.2 Ma for S-type granites, leading them to suggest a syncollisional setting on the northern margin of the Central Tianshan block at that time. X.J. proposed a similar syncollisional setting for 455.6 ± 1.8 Ma deformed granitoids and related them to the closure of the Junggar ocean. Similarly, Chen et al. (2012) argued that the closure occurred in the Early Silurian (ca. 440 Ma), and Dong et al. (2011) advocated that the closure must have happened at some time before ca. 425 Ma. Likewise, Ma et al. (2014) suggested that the Junggar ocean closed prior to the early Carboniferous, based on the presence of ca. 352 Ma postcollisional granitoids in the Central Tianshan block. Recently, Chen et al. (2011) proposed a pre-Early Permian (probably late Carboniferous) closure model based on the existence of 295-293 Ma postcollisional bimodal volcanic rocks in the Bogda arc. Collectively, differences among these models mostly lie in different interpretations of geochemical data for the tectonic nature of the subductionor collision-related granitoids, because geochemical discriminations of tectonic environments for granitoids are not always unique and in most cases are ambiguous and controversial (e.g., Pearce et al., 1984; Pearce, 1996) . Hence, unraveling the enigmatic evolution of the Junggar ocean invites other approaches. Although fraught with lots of geological and statistical sources of errors (e.g., Andersen, 2005) , detrital zircon study of sedimentary/ metasedimentary rocks has been extensively and successfully applied in providing constraints on the provenance of rocks (e.g., Cawood et al., 1999 Cawood et al., , 2003 Cawood et al., , 2012 . Moreover, combined with Hf isotope analysis, this approach can provide more detailed information on crustal evolution. Furthermore, sedimentary rocks can receive detrital zircons derived from different-aged magmatic rocks from a large area, thus providing an overview of regional magmatic evolution, which is beyond reach of petrological or geochemical studies on a single or several certainaged plutons with ambiguous tectonic affinities. The above considerations form the justifications for this study in which we carried out a systematic LA-ICP-MS U-Pb and Lu-Hf isotope analysis on detrital zircons from sandstones collected in the North Tianshan belt, and the results can place rigorous constraints on the Paleozoic evolution of the Junggar ocean.
GEOLOGICAL BACKGROUND
Located between the Tarim block to the south and the Junggar terrane (Junggar Basin and East and West Junggar) to the north, the ~400-km-wide Chinese Tianshan orogenic belt occupies a key position in the southern Central Asian Orogenic Belt (Windley et al., 1990; Allen et al., 1993; Gao et al., 1995 Gao et al., , 1998 Gao et al., , 2009 Hu et al., 2000; Xiao et al., 2009a Xiao et al., , 2009b Xiao et al., , 2012 Xiao et al., , 2013 Liu et al., 2015) . This orogenic belt has experienced polyphase magmatism and deformation including Paleozoic accretion and collision, Mesozoic thermal subsidence, and Cenozoic thrusting and uplift, and therefore, it has been the focus of numerous studies in recent years (e.g., Charvet et al., 2007 Charvet et al., , 2011 Xiao et al., 2013; Shi et al., 2014; B. Wang et al., 2014; Han et al., 2015; Zhang et al., 2015) . Tectonically, the Chinese Tianshan can be subdivided into the North, Central, South Tianshan, and Yili block by major strike-slip faults (Fig.  1A) . Geographically, it is further divided into the western and eastern segments roughly along the Urumqi-Korla transect, with the Yili block entirely located in the Western Tianshan (Figs. 1A and 1B; Ma et al., 1993 Ma et al., , 1997 Gao et al., 1998; Xiao et al., 2004; Charvet et al., 2007 Charvet et al., , 2011 . This study mainly focuses on the Paleozoic evolution of the Eastern Tianshan, since the Western Tianshan has probably undergone a quite different evolution (e.g., Xiao et al., 2004; Gao et a., 2009; Han et al., 2015) . The major geological features of the Eastern Tianshan have been reviewed by Xiao et al. (2004) and are briefly summarized as follows.
The Eastern Tianshan, separated from the East Junggar by the Kalamaili fault (fault 1 in Fig. 1B) , is sandwiched between the northern Tarim (Kuluketage and Beishan terranes) and Junggar Basin. It is tectonically trisected by the Weiya fault (fault 2 in Fig. 1B ) in the north and the Kumishi and Xingxingxia faults (faults 3 and 4 in Fig. 1B ) in the south (e.g., Shu et al., 1999 Shu et al., , 2002 Shu et al., , 2004 Xiao et al., 2004) . On the basis of distribution of ophiolitic mélanges, high-pressure metamorphic rocks, and arcrelated magmatism, two oceans are considered to have existed in the Eastern Tianshan, including (1) the Junggar ocean to the north of the Central Tianshan block and (2) the South Tianshan ocean between the Central Tianshan and Tarim blocks (e.g., Windley et al., 1990; Allen et al., 1993; Gao et al., 1998; Xiao et al., 2004) . It deserves mentioning that Charvet et al. (2011) introduced a Central Tianshan ocean (early Paleozoic to Late Devonian) between the Yili and Central Tianshan blocks and a North Tianshan ocean (Late Devonian to late Carboniferous) between the Yili block and Junggar terrane. However, the Yili block, distinct from the North Tianshan belt, only occurs in the Western Tianshan ( Fig. 1A; e.g., Xiao et al., 2004) . Therefore, the concept of a long-lived (early Paleozoic to late Carboniferous) Junggar ocean, as a major southern branch of the Paleo-Asian Ocean, seems more appropriate and can comprehensively explain the Paleozoic evolution of the Eastern Tianshan.
The North Tianshan accretionary belt consists mainly of a series of island arcs (Bogda, Harlik, Dananhu, and Yamansu) that resulted from the southward subduction of the Junggar ocean beneath the Eastern Tianshan (e.g., Ma et al., 1993 Ma et al., , 1997 Xiao et al., 2004 Xiao et al., , 2013 . Paleozoic magmatism and ophiolitic mélanges occur throughout the North Tianshan belt, as represented by Ordovician to Silurian calc-alkaline volcanic rocks along the southern edge of the Turpan-Hami Basin (Qin et al., 2002; Li et al., 2003) , 350-340 Ma island-arc-type bimodal magmatism in the Bogda arc (Chen et al., 2013) , and Devonian to Carboniferous tholeiitic basalts and calc-alkaline andesites in the Dananhu arc (Yang et al., 1996; Zhou et al., 2001) , as well as 494 ± 10 Ma gabbros (e Nd [t] = +6-+11) in the Kangguertage suprasubduction-zonetype ophio lites and 324.8 ± 7.1 Ma plagiogranites in the Bayingou ophiolitic mélanges . Carboniferous strata, which have been thrust over Permian to Jurassic sequences, display typical mylonitic foliations with subvertical E-W-oriented cleavages, and ultramafic to felsic intrusions were emplaced in the Permian, dominantly subject to postcollisional large-scale dextral transcurrent tectonics (e.g., B. . All these suggest that the Junggar ocean had opened at least in the early Paleozoic and existed until the early Carboniferous. The southward subduction of the Junggar ocean has been revealed by detailed kinematic investigations on deformation structures preserved in the Chinese Tianshan and early Paleozoic to early late Carboniferous arc-related granitoids/granitic gneisses on the northern margin of the Central Tianshan block (Ma et al., 2013 Shi et al., 2014) .
The Central Tianshan block, composed predominantly of Precambrian basement and Paleozoic volcanic, plutonic, and sedimentary rocks, represents a key component of the Chinese Tianshan (e.g., Hu et al., 2000; Xiao et al., 2004; Yang et al., 2006; Dong et al., 2011) . The Precambrian basement, distributed around the Xingxingxia, Weiya, Alatage, and Baluntai areas, was previously divided into the Tianhu, Kawabulake, and Xingxingxia Groups, most of which have undergone upper-greenschist-to amphibolite-facies metamorphism (Hu, 1982; Hu et al., 1998; Liu et al., 2004) . The Tianhu Group consists mainly of schist, quartzite, marble, and amphibolite, the formation ages of which were roughly dated at 660-1000 Ma (Hu et al., 1986) . The Kawabulake Group, previously assumed to be late Mesoproterozoic in age, is composed dominantly of marble, schist, granitic gneiss, and minor clastic rocks . The Xingxingxia Group, conventionally considered as Mesoproterozoic to Paleoproterozoic sequences, is scattered around the Xingxingxia and Baluntai areas and consists of granitic gneiss, marble, schist, amphibolite, migmatite, and quartzite (Liu et al., 2004; Shu et al., 2004; Zhang et al., 2005) . Most published geochronological results on these Precambrian rocks were derived from isotopic isochron or zircon U-Pb intercept ages. For example, Gu et al. (1990) and Hu et al. (1997) reported whole-rock Rb-Sr isochron ages of 1829 ± 143 Ma, 913.8 ± 4.5 Ma, 724.0 ± 8.1 Ma, and 696.6 ± 5.7 Ma for granitic gneisses from the Xingxingxia Group. In later studies, Zhang et al. (2005) obtained a Rb-Sr isochron age of 927 Ma for calc-alkaline gneissic granites, and Lei et al. (2013) identified ca. 740 Ma A-type granites in the Xingxingxia area.
Granitoid plutons are extensively exposed in the Central Tianshan block, ranging in age from early Paleozoic to early Mesozoic Hu et al., 2007; Shi et al., 2007 Shi et al., , 2014 Z.Z. Zhang et al., 2007; Dong et al., 2011; Lei et al., 2011; X.J. Wang et al., 2011; Ma et al., 2013 Ma et al., , 2015 . Middle Ordovician to early Carboniferous arc-related volcanic and plutonic rocks, as well as Early Silurian to early Carboniferous active margin sequences are distributed dominantly on the northern margin, as a result of the southward subduction of the Junggar ocean (Zhou et al., 2001; Shu et al., 2002; Zhu and Song, 2006; Hu et al., 2007; Ma et al., 2014; Shi et al., 2014; B. Wang et al., 2014) . Recently, we have discovered ca. 325-320 Ma I-type calcalkaline granitic gneisses on the northern margin, indicating that the southward subduction of the Junggar ocean beneath the Central Tianshan block lasted at least into the early late Carboniferous (personal observation, 2013). Shu et al. (2004) Ar), respectively, suggesting an early Paleozoic oceanic subduction beneath the Central Tianshan block, followed by an Early Silurian tectonothermal event in association with top-to-the-north thrusting (Shu et al., 2004) . However, so far, no other line of evidence has been found for these events, in particular with respect to the exhumation of these HP granulites.
Paleozoic volcanic/plutonic rocks have also been recognized near the southern margin of the Central Tianshan block and were previously assumed to be related to the northward subduction of the South Tianshan ocean (Windley et al., 1990; Allen et al., 1993; Gao et al., 1998; Dong et al., 2011) . However, no convincing evidence has been found to support this assumption. Alternatively, detailed kinematic investigations on deformation structures preserved in the South Tianshan belt, such as the top-to-thenorth ductile shearing foliation and north-verging folding and thrusting, have demonstrated a southward subduction of the South Tianshan ocean beneath the Tarim block . Such a southdirected subduction polarity is further supported by ca. 420 Ma continental arc granitoids in the northern Tarim (e.g., Ge et al., 2012) .
The South Tianshan belt is a wide suture zone that is characterized by well-preserved back-arc ophiolitic mélanges and formed by the closure of the South Tianshan ocean between the Central Tianshan and Tarim blocks (e.g., Gao et al., 1998 Gao et al., , 2009 . In this suture zone, retrograde metamorphic ages of eclogites from a widely studied high-pressure-low-temperature metamorphic belt exposed in the Western Tianshan are commonly attributed to mark the late Carboniferous continent-continent collision between the Central Tianshan and Tarim blocks (e.g., Gao and Klemd, 2003; Klemd et al., 2011) . However, the timing of collision in the Eastern Tianshan has not been well constrained, since collision-related HP metamorphic rocks are rare.
SAMPLING AND ANALYTICAL METHODS

Sampling
Four undeformed sandstones were collected from the Shaquanzi (samples 13XX8C, 13XX8D, and 13XX8E; Fig Tianshan belt, adjacent to the northern margin of the Central Tianshan block. A stratigraphic column of the working area, including sampling positions, is illustrated in Figure 3 . Representative photomicrographs of samples are depicted in Figure 4 . The Shaquanzi samples 13XX8C, 13XX8D, and 13XX8E were collected within an ~20-mthick stratum from the Upper Dikaner Formation ( Fig. 3) , which consists of dark-green mudstone, siltstone, sandstone, tuff, conglomerate-bearing sandstone, and minor basaltic porphyrite. The Dikaner Formation is presently described as late Carboniferous in age ( BGMRXUAR, 1993) . These samples are compo sitionally immature, poorly sorted, and cemented by calcite (Fig. 4) . Angular to subangular quartz is a dominant component (30%-50%), mostly showing uniform extinction. Feldspar, including plagioclase and K-feldspar, makes up ~5%-10%. Rock fragments are predominantly felsic to basic in nature. The subangular to angular quartz grains and volcanic fragments reflect a weak physical modification before sedimentation, indicating a proximal deposition. Notably, fine-grained samples 13XX8C and 13XX8D are gray to gray-green Maroon to celadon sandstone, siltstone, limestone tuff sandstone, and basaltic porphyrite.
Top: arkosic sandstone, basalt, diabase, tuff breccia, yellowgreen siltstone, and mudstone, with gray limestone interlayers.
Gray conglomerate and sandstone.
Top: gray quartz schist, gneiss, and migmatite, with marble interlayers.
Gray marble, dolomite, quartz schist, and quartzite. in color (Figs. 4A and 4B) , whereas sample 13XX8E is coarse-grained and yellow-red in color ( Fig. 4C ), occasionally containing centimeter-scale conglomerates. According to wellestablished sequences (BGMRXUAR, 1993) , sample 13XX8E is the stratigraphically lowest, and sample 13XX8C is the uppermost, with sample 13XX8D coming from an intervening/ middle layer in the sampled stratum (Fig. 3) .
The Yamansu sample 13YM3C is a gray sandstone collected from the Lower Permian Aqikebulake Formation (Fig. 4D ), which consists of red felsite, basaltic porphyrite, sandstone, and conglomerate. Quartz grains (30%-40%) are angular to subangular and show uniform extinction. Perthitic alkali feldspar is the dominant feldspar (5%-10%), and rock fragments are predominantly of intermediate to basic composition.
Analytical Methods
Zircon grains were separated by standard density and magnetic techniques and then handpicked under a binocular microscope at Hebei Geology and Resource Bureau, Langfang, China. Mounted in epoxy, the randomly selected zircon grains were polished to about half section prior to cathodoluminescence (CL) imaging using a Mono CL3+ (Gatan, Pleasanton, California) attached to an electron microscope (Quanta 400 FEG). Zircon U-Th-Pb isotope and trace-element analyses were carried out using a LA-ICP-MS system at the State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou, China. For every six analyses, zircons Temora (Black et al., 2003) and Plesovice (Slama et al., 2007) , as internal standards, and NIST610 (Jochum and Nehring, 2006) , as an external standard, were analyzed to calculate U, Th, Pb, and other trace-element contents. Spot size for laser ablation was 33 mm. Detailed analytical procedures were similar to those described by Li et al. (2011) Th ratios were calculated using GLITTER 4.0 (Griffin et al., 2008) , and common Pb was corrected following the method by Andersen (2002) . Age calculation and concordia diagrams were made using Isoplot (version 3.0; Ludwig, 2003 Hf ratio of 0.015 (Griffin et al., 2002) . Our measurement of the Hf isotopic composition in reference minerals of Mud Tank and Gj-1 gave mean 176 Hf/ 177 Hf values of 0.282516 ± 0.000003 (2s) and 0.282033 ± 0.000004 (2s), respectively, which are comparable within errors to published values: Mud Tank = 0.282497 ± 0.000018 (Hawkesworth and Kemp, 2006) and Gj-1 = 0.282015 ± 0.000019 (Elhlou et al., 2006) .
RESULTS
Zircon CL Images and Th/U Ratios
Representative CL images of analyzed zircons coupled with their corresponding ages and e Hf (t) values are illustrated in Figure 5 . Most zircon grains, except those Precambrian ones, are euhedral to subhedral, with lengths ranging from 50 to 200 mm and aspect ratios between 1:1 and 4:1, typical of short-distance transportation. CL images of zircons indicate that most crystals show well-developed oscillatory zoning, while some exhibit complex internal structures. However, when core-rim structures were present, only the cores were measured because most rims were too narrow to be analyzed. The U and Th concentrations range from 5 to 891 ppm and from 10 to 1891 ppm, respectively, corresponding to Th/U ratios mostly between 0.2 and 1.5 (Table A1 in the GSA Data Repository 1 ), indicative of a magmatic origin (Rubatto, 2002) .
Zircon U-Pb Ages
The U-Pb data of detrital zircons in this study are shown in Figure 6 and listed in Table A1 . In total, 347 zircon grains from four samples were analyzed. Of those, 334 results are concordant (≤10% discordance), with ages varying in a broad range between 3382 and 257 Ma. For depo sitional age and provenance discussion, only concordant analyses were considered. Based on their different ages and Hf isotopic signatures, detrital zircons can be further categorized into three distinct groups: group I (<440 Ma), group II (541-440 Ma), and group III (Precambrian).
Yamansu Sample 13YM3C
Of 95 measurements, 93 are concordant, defining a wide range of U-Pb ages from 3382 to 280 Ma (Figs. 6A and 6B) . On the probability density distribution plot, the results are composed dominantly of Paleozoic ages with peaks at ca. 282, 317, 340, 406, 441, 476-502, and 1910 Ma. Minor other ages scatter at ca. 530, 705, 1155, and 2340-2705 Ma (Fig. 6B) . The group III zircons are dominant, making up 45% in content, with the group II and group I zircons taking up 26% and 29%, respectively.
Shaquanzi Sample 13XX8C (Uppermost)
Of 84 analyses, 78 are concordant, showing ages from 2683 to 257 Ma (Figs. 6C and 6D) . These correspond to peaks at ca. 284, 294, 326, 333, 386, 430, and 456 Ma, with dispersed Precambrian ages at ca. 675, 780, 860, 990, 1165 , 1500 , 1750 , 1970 , 2180 , 2340 , 2490 , and 2680 Ma (Fig. 6D) . The group I zircons are the most abundant (58%), and the group II and group III ages make up 22% and 21%, respectively.
Shaquanzi Sample 13XX8D (Middle)
Out of 102 dated grains, 98 zircons plotted on or near the concordia, yielding ages between 2609 and 291 Ma (Figs. 6E and 6F) . Precambrian ages (ca. 550, 765, 890, 990, 1205 (ca. 550, 765, 890, 990, , 1695 (ca. 550, 765, 890, 990, , 2440 (ca. 550, 765, 890, 990, , and 2610 are comparatively rare, while a majority of Paleozoic ages plotted at ca. 294, 314, 326, 353, 438, 456 , and 508 Ma. The group I zircons account for 73% of all concordant analyses, whereas the group II and Group III zircons make up 15% and 12%, respectively.
Shaquanzi Sample 13XX8E (Lowest)
Of 66 analyzed zircons, 65 grains are concordant, showing a spread of U-Pb ages between 1822 and 292 Ma (Figs. 6G and 6H) . Paleozoic ages are predominant, with peaks at ca. 300, 311, 323, 349, 432, and 455-484 Ma. Only three Precambrian ages (ca. 680, 970, and 1830 Ma) were detected. The group I zircons make up to 88%, whereas the group II and group III zircons are less than 8% and 5%, respectively.
Overall, the 334 concordant dating results are dominated by Paleozoic ages (78%), with major age populations at ca. 294, [313] [314] [315] [316] [317] [318] [319] [320] [321] [322] [323] [324] [325] [326] [327] [440] [441] [442] [443] [444] [445] [446] [447] [448] [449] [450] [451] [452] [453] [454] [455] Most Precambrian detrital zircons show age populations at ca. 550, 680-765, 890, 970-990, 1160-1250, 1500, 1690-1750, 1840-1970, 2440-2500 , and 2615-2700 Ma.
Zircon Lu-Hf Isotopes
Zircon Lu-Hf isotopic data are presented in Table A2 and illustrated in Figure 7 . Zircons from sample 13XX8C were not analyzed, as the grains were too small. Fifty-eight zircons from sample 13XX8D and 37 from sample 13XX8E were measured, including one analysis (13XX8E-40) neglected due to unusually high instrument drift. Their (Fig. 7B) . The main features of these zircon Lu-Hf isotopic data can be summarized as follows (Fig. 7C): (1) e Hf (t) values of Precambrian zircons (group III) vary in a wide range from -20 to +7; (2) almost all early Paleozoic zircons (group II; 541-440 Ma) exhibit highly evolved Hf isotopic signatures with e Hf (t) values mostly between -12 and -11; (3) <440-300 Ma zircons (group I) predominantly possess positive e Hf (t) values (mostly 0 to +10, with a peak at +8); and (4) <300 Ma zircons (group I) exhibit a bimodal e Hf (t) distribution (-7 to -1 and 0 to +14).
DISCUSSION
Maximum Depositional Ages
Several different methods, reviewed by Dickinson and Gehrels (2009) , have been generally applied to determine maximum depositional ages of strata using U-Pb ages of detrital zircons: (1) the youngest concordant single-grain age, (2) the youngest graphical age peak with more than one analysis, (3) the mean age of the youngest two or more zircons with ages overlapping at 1s, and (4) the mean age of the youngest three or more grains with ages overlapping at 2s. They further pointed out that these methods vary from the least to the most statistically robust from 1 to 4, proving that results based on multiple-grain ages are more likely to be compatible with depositional ages of strata. They also noticed a phenomenon that the youngest single-grain ages mostly lie within 5 m.y. of depositional ages for ~60% of their samples. In this study, since most results from methods 3 and 4 are identical, we opted to adopt the first three methods, taking ages obtained from method 3 as the most robust, as well as accepting those from method 1 as rough constraints on the depositional ages of strata. Accordingly, the results are (1) 280 ± 5 Ma, (2) 282 Ma, and (3) 281 ± 5 Ma for the Yamansu sample 13YM3C, and its maximum depositional age and depositional age are estimated at ca. 281 and 280 (±5) Ma, respectively, which are consistent with the stratigraphic age (Early Permian) of the Aqikebulake Formation. Likewise, the age restrictions are (1) 257 ± 7 Ma, (2) 258 Ma, and (3) 258 ± 12 Ma for sample 13XX8C; (1) 291 ± 4 Ma, (2) 294 Ma, and (3) 292 ± 5 Ma for sample 13XX8D; and (1) 292 ± 5 Ma, (2) 300 Ma, and (3) 294 ± 4 Ma for sample 13XX8E, respectively. These ages, obtained using different methods, are well comparable with each other, indicating that they can represent the maximum depositional ages with absolute confidence. Consequently, the maximum depositional ages are estimated at ca. 258 Ma for sample 13XX8C, ca. 292 Ma for sample 13XX8D, and ca. 294 Ma for sample 13XX8E, respectively. Their depositional ages can be roughly restricted at ca. 257 (±5) Ma for sample 13XX8C, ca. 291 (±5) Ma for sample 13XX8D, and ca. 292 (±5) Ma for sample 13XX8E, respectively.
These estimations for the Shaquanzi samples are in perfect accordance with their stratigraphic positions in the sampled strata (Fig. 3) . More importantly, the 289-257 Ma zircon population present in the uppermost (youngest) sample 13XX8C (~8%) is not spotted in samples 13XX8D and 13XX8E from underlying layers, which indicates that the older samples were possibly deposited at some time before ca. 289 Ma, matching well with the depositional ages determined herein. Therefore, we take ca. 291 Ma and ca. 292 Ma as the best estimates of depositional ages for samples 13XX8D and 13XX8E, respectively. As a result, the sedimentary sequences we sampled must have started deposition in the Early Permian and lasted into the Late Permian. This implies either that the Dikaner Formation was not deposited in the late Carboniferous, as previously inferred by BGMRXUAR (1993) , or that the sedimentary sequences we sampled should not be classified as part of the Dikaner Formation. We thus suggest defining a new Permian formation (e.g. Shaquanzi Formation) for this stratum.
Source Terranes
Detrital zircons, being physically robust, may have been polyrecycled through a series of sedimentation events before deposition in the studied area. Hence, it is critical for provenance analysis in detrital zircon studies to distinguish whether detritus was derived directly from nearby magmatic rocks or from recycling of older sedimentary rocks (e.g., Cawood et al., 2003 Cawood et al., , 2012 . Our samples were collected from the Shaquanzi and Yamansu areas in the North Tianshan belt, adjacent to the northern margin of the Central Tianshan block, where Carboniferous to Permian strata are dominant, with scarce Ordovician to Devonian sedimentary rock exposures (Figs. 1 and 2 ). The high contents of volcanic fragments, as well as dominantly angular to subangular shapes of detrital grains (e.g., quartzes, rock fragments), indicate that the samples are compositionally immature and poorly sorted, matching well with derivation from proximal sources. Numerous early to late Paleozoic magmatic rocks have been reported close to our study areas in the Central Tianshan and North Tianshan (Shi et al., 2007 (Shi et al., , 2014 Z.Z. Zhang et al., 2007; Zhou et al., 2010; Dong et al., 2011; Lei et al., 2011; X.J. Wang et al., 2011; Yang et al., 2012; Ma et al., 2014) Ma et al., 2013 Ma et al., , 2014 Shi et al., 2014) ; 466.5 ± 9.8 Ma granitic gneisses (Hu et al., 2007) ; and 441.6 ± 3.8 Ma mylonitized granites (Zhu and Song, 2006 Ma et al., 2013) in the Baluntai area, Devonian to Carboniferous tholeiitic basalts and calc-alkaline andesites in the Dananhu area (Yang et al., 1996; Zhou et al., 2001) , and tholeiitic rocks in the Kangguertage and Yamansu areas (Yang et al., 1996) . The <300 Ma detrital zircons exhibit bimodal Hf isotopic signatures, probably derived from postcollisional granitoids in the Central Tianshan and North Tianshan, where the mixing of juvenile and ancient components prevails (e.g., Ma et al., 2015) .
The presence of Precambrian detrital zircons in the samples suggests their derivation from the Central Tianshan block, where Precambrian igneous and sedimentary rocks have been documented (Gao and Peng, 1985; Hu et al., 1986 Hu et al., , 1998 Hu et al., , 2000 Hu et al., , 2006 Hu et al., , 2010 Liu et al., 2004; Lei et al., 2013) . In contrast, the North Tianshan belt has no conclusive record of a hypothetical Precambrian event (e.g., Xiao et al., 2004; Zhou et al., 2010; Chen et al., 2011) . Therefore, we suggest that the adjacent Central Tianshan and North Tianshan are the most probable source terranes for the studied sedimentary sequences.
Varying compositions in the four samples, which share comparable zircon age profiles and Hf isotope variations (Figs. 6 and 7) , are probably related to their different stratigraphic positions (layers) receiving various amounts of source materials. Further observations stem from the zircon age profiles of the Shaquanzi samples (Fig. 6) . First, group I (<440 Ma) zircons are the most dominant, distinctly decreasing in content from 88% in the stratigraphically oldest sample 13XX8E, through 73% in the intermediate sample 13XX8D, to 58% in the youngest sample 13XX8C. Such large abundances of the group I zircons in the North Tianshan sedimentary rocks, in combination with their positive e Hf (t) values (Fig. 7) , reasonably testify to a derivation dominantly from the island arc-related intermediate to mafic rocks in the North Tianshan belt. Secondly, group II (541-440 Ma) zircons notably increase from the lowest layer (8%) through the middle layer (15%) to the uppermost layer (22%). Third, group III Precambrian zircons also grow in content from the oldest layer (5%) through the intermediate layer (12%) to the youngest layer (21%). As mentioned earlier, Precambrian materials (rocks and detrital zircons) have only been documented in the Central Tianshan block in the Eastern Tianshan, making this region the sole source terrane for ancient detritus; thus, the increase in group III Precambrian zircons must be a result of an augmented supply of materials from Central Tianshan basement. Given the simultaneous increase in group II zircons, it is not impossible that most of the 541-440 Ma detrital zircons are also rooted in the Central Tianshan block, supported by the spatial distributions of early Paleozoic magmatism (almost all in the Central Tianshan block; e.g., Hu et al., 2007; Ma et al., 2013 Ma et al., , 2014 Shi et al., 2014) . If true, our samples have fortunately recorded a change of supply materials from a dominant North Tianshan component in the Early Permian (13XX8D and 13XX8E) to a major Central Tianshan composition in the Late Permian (13XX8C), an inevitable phenomenon due to continuous erosion of Central Tianshan rocks. Thus, our data support the interpretation that the Central Tianshan block had been a topographic highland supplying detrital materials to the surrounding areas since as early as the Early Permian. More importantly, the presence of Precambrian components in the lowest sample 13XX8E in the North Tianshan belt implies a pre-292 Ma welding between the Central Tianshan and North Tianshan.
Nature of the Central Tianshan Block
Although Xu et al. (2003) suggested that the Central Tianshan block was separated from the Junggar terrane, and He et al. (2014) even linked it to the Baltica block, most recent studies regard it as a block/microcontinent rifted from the Tarim block based on nearly synchronous Precambrian magmatic/metamorphic events and roughly comparable detrital zircon age patterns (Gao et al., 1998; Shu et al., 1999; Charvet et al., 2007 Charvet et al., , 2011 Ma et al., 2012a Ma et al., , 2012b Chen et al., 2014; Han et al., 2015; Zhang et al., 2015) . However, the evidence from previous detrital zircon studies is not convincing, because their zircons were mostly selected from sedimentary/metasedimentary samples collected within or adjacent to the South Tianshan belt, where transportation and mingling of sediments from the Central Tianshan and Tarim blocks are considerable and inevitable. In contrast, our samples were selected from the North Tianshan belt, with detrital materials derived directly from the Central Tianshan and North Tianshan, thus providing a unique opportunity for understanding the nature of the Central Tianshan block.
Aforementioned Precambrian detrital zircons in the samples are relatively minor (~22%), yielding scattered ages between ca. 3380 and ca. 550 Ma (Fig. 8) . Most of the 3.4-2.0 Ga detrital zircons are rounded in shape and limited in number, indicating that these ancient grains are most likely to have undergone multiple long-distance transportation or recycling events. Combined with the fact that coeval magmatic/metamorphic events and similar-aged detrital zircons have been discovered in almost all cratonic domains surrounding the Central Asian Orogenic Belt (e.g., Rojas-Agramonte et al., 2011, and references therein), we suggest that the rare ca. 3.3, 2.7-2.6, and 2.3-2.0 Ga detrital zircons in our samples are of little account in deciphering the nature of the Central Tianshan block.
It is noteworthy that the ca. 2.5-2.4 Ga detrital zircons (e Hf [t] = +4 to +7, T DM = 2591-2468 Ma, and T C DM = 2693-2504 Ma) are plotted close to the depleted mantle array (Fig. 7) , indicating a significant contribution of juvenile materials in crust formation during these times, which is in accordance with findings in the Central Tianshan and Kuluketage (e.g., Ma et al., 2012b; Zhang et al., 2012; X.S. Wang et al., 2014) . Moreover, almost all Proterozoic zircon populations in this study match well with those from the Beishan and Kuluketage, particularly for the 2.0-1.7, 1.3-0.9, and 0.8-0.7 Ga zircon populations (Fig. 8) , which are probably derived from the 1.8-1.7 Ga (Hu et al., 1997 (Hu et al., , 2000 Xiu and Yu, 2002; Guo et al., 2003; Deng et al., 2008; Shu et al., 2011a ) and 1.4-0.7 Ga (Hu et al., 1986, Gu et al., 1990; Xiu and Yu, 2002; Li et al., 2005; Zhang et al., 2005; Yang et al., 2008; Shu et al., 2011a; Zhang et al., 2012; Lei et al., 2013) magmatic/metamorphic rocks in these regions. Combined with the facts that (1) Precambrian Xingxingxia, Kawabulake, and Tianhu Groups of the Central Tianshan block are stratigraphically comparable to the Yangjibulake, Aierji, and Paergantage Groups of the Kuluketage terrane (Gao and Peng, 1985) , and (2) Cambrian to Early Ordovician strata in the two regions are also roughly comparable (Gao and Peng, 1985; BGMRXUAR, 1993; Shu et al., 2002 Shu et al., , 2011a Shu et al., , 2011b , we suggest that the Central Tianshan block was once part of the Tarim block during Precambrian time.
However, two observations in this study pinpoint local tectonothermal events in the Central Tianshan block. First, several detrital zircons are dated at ca. 1.5-1.4 Ga, which may be sourced from contemporaneous rocks in the Central Tianshan block (Hu et al., 2006; Li et al., 2009; Shi et al., 2010) . Similar-aged detrital zircons have been extensively reported in the Chinese Tianshan and Beishan (Ma et al., 2012a (Ma et al., , 2012b Song et al., 2013a Song et al., , 2013b . However, neither a coeval event nor a similar-aged detrital zircon has been found in the Tarim block (e.g., Hu et al., 2006) . Second, ca. 550-500 Ma detrital zircons are detected in the Central Tianshan block (Ma et al., 2012b ; this study), but an early Paleozoic tectonic quiescence was confirmed in the northern Tarim, with no contemporaneous magmatic events nor similarly-aged detrital zircons (e.g., Shu et al., 2011a; Zhang et al., 2012) . Therefore, we suggest that the presence of ca. 1.5-1.4 and 0.5 Ga magmatic zircons represents a unique characteristic of the Central Tianshan block. As a consequence, more paleomagnetic, geochronological, and chronostratigraphy investigations are needed to ascertain whether the Central Tianshan and Tarim blocks were isolated or united during those times.
Evolution of the Junggar Ocean from Subduction to Arc-Continent Collision
The ca. 494 and ca. 325 Ma ophiolitic rocks discovered in the North Tianshan belt Li et al., 2008) indicate that the Junggar ocean was opened at least in the early Paleozoic and lasted into the early Carboniferous. However, its Paleozoic evolution is still controversial. In this study, Paleozoic detrital zircons spread from 502 to 258 Ma, inferring a series of early to late Paleozoic magmatic activities in the source terranes (Central Tianshan and North Tianshan), which were probably related to the southward subduction of the Junggar ocean. Therefore, the coupled U-Pb and Hf isotopic analysis of these Paleozoic detrital zircons, combined with zircon Hf isotopic data from ca. 300-270 Ma postcollisional plutons (Ma et al., 2015 ; data given in Table A3 ), can provide important insights into the Paleozoic evolution of the Junggar ocean. These data illustrate a dramatic three-phase variation in zircon Hf isotopes (Fig. 7C) , which may have resulted from the three-stage evolution of the Junggar ocean, summarized as follows:
(1) Stage I (Cambrian-Ordovician): Most of the 541-440 Ma detrital zircons are characterized by low negative e Hf (t) values (-19 to -1, with a peak at -12), suggesting that their parental magmas were derived mainly from melting of ancient continental materials with minor involvement of depleted mantle components. These highly evolved zircons were most likely derived from early Paleozoic magmatic rocks in the Central Tianshan block. Thus, during this stage, the formation of early Paleozoic crust in the Central Tianshan block was dominated by the melting of Precambrian basement rocks, which was probably related to the southward subduction of the Junggar ocean beneath the Central Tianshan (Ma et al., 1997; Shu et al., 2002; Zhu and Song, 2006; Charvet et al., 2007 Charvet et al., , 2011 Hu et al., 2007; Han et al., 2015) , as supported by the presence of ca. 475-450 Ma arc-related I-type granodiorites in the Central Tianshan block (Ma et al., 2013 Shi et al., 2014) .
(2) Stage II (Silurian-Carboniferous): Most <440-300 Ma detrital zircons (e Hf [t] = 0 to +10) are plotted between the chondritic uniform reservoir (CHUR) and depleted mantle lines, suggesting that these crystals were derived dominantly from juvenile crusts. Such juvenile zircons were probably sourced from the island arc-related rocks in the North Tianshan belt, including Devonian to Carboniferous tholeiitic basalts and calc-alkaline andesites in the Dananhu, Kangguertage, and Yamansu areas (Yang et al., 1996; Zhou et al., 2001) , formed by intra-oceanic subduction within the Junggar ocean.
It appears that ca. 440 Ma marks an important transition from reworking of old crust to formation of juvenile crust, when large amounts of juvenile zircons started to emerge with almost no younger (<440 Ma) zircons exhibiting low negative e Hf (t) values (e.g., -20 to -10). Such a transition is consistent with an Early Silurian South Tianshan back-arc extension between the Central Tianshan and Tarim blocks , as evidenced by the wellconstrained 440-430 Ma ophiolites and arcrelated granitoids in the South Tianshan belt (Li et al., 2001; Zhu and Song, 2006; Yang et al., 2011; Tian et al., 2014) . Some ophiolitic rocks in the South Tianshan belt were previously dated to be Cambrian in age (e.g., ca. 516 Ma gabbro [Zhang and Guo, 2008] and ca. 530 Ma plagiogranite [Ao et al., 2012] ), which were more likely to have resulted from inherited zircons. The formation of the South Tianshan back-arc basin was probably driven by rollback or backward migration of a subducted oceanic slab (e.g., Heuret and Lallemand, 2005; Nakakuki and Mura, 2013) . This slab rollback scenario is supported by the presence of HP basic granulites with a retrograde metamorphic age of 432 ± 1 Ma at the northern margin of the Central Tianshan block (Shu et al., 2004) , exhumation of which was probably related to slab rollback, similar to those accretionary HP granulites at the root of an arc (Phillips and Offler, 2011 , and references therein). In addition, this scenario is consistent with recent seismic data that reveal a conversion from an Ordovician-Silurian compressional environment to a Late SilurianCarboniferous extensional environment in the middle and northern parts of the Tarim Basin . Consequently, we suggest that the slab rollback of the Junggar ocean probably commenced at ca. 440 Ma and led to a tectonic transition from compression to extension in the northern Tarim, giving rise to the formation of a back-arc basin that subsequently developed into the South Tianshan ocean between the Central Tianshan and Tarim blocks.
(3) Stage III (Permian): The 300-250 Ma detrital zircons exhibit a bimodal e Hf (t) distribution (-7 to -1 and 0 to +14). Coeval granitoids, particularly those possessing bimodal zircon Hf isotopes, have been well documented in the Central Tianshan and North Tianshan (e.g., Ma et al., 2015) , representing likely sources. Particularly, Permian juvenile zircons have a mean e Hf (t) value of +8, which is more elevated than that of the <440-300 Ma zircons (mean e Hf [t] = +6), indicating more involvement of depleted mantle materials during magma formation after ca. 300 Ma. This was probably related to Early Permian mantle upwelling in the Eastern Tianshan (Zhou et al., 2004; Yuan et al., 2010; Chen et al., 2011) . Meanwhile, Permian isotopically evolved zircons fall onto or near evolutionary lines of the <440-300 Ma zircons, but not those of Precambrian zircons, indicating little influence of Central Tianshan Precambrian basement on the formation of Permian magmatic rocks. In addition, inherited zircons (ca. 310 and 373 Ma) reported by Ma et al. (2015) show Hf isotopes, as well as T DM and T C DM ages, similar to those of contemporary zircons in our samples. Therefore, the source rocks for Permian detrital zircons with bimodal Hf isotopic signatures were probably formed by the reworking of Paleozoic juvenile crusts with significant contribution from depleted mantle materials during Early Permian mantle upwelling.
Compared with the <440-300 Ma zircons (e Hf [t] = 0 to +10), which were sourced dominantly from island arc-related rocks from the North Tianshan belt, some Permian zircons show much more negative e Hf (t) values of -7 to -1. Such a sudden decrease in zircon e Hf (t) value has been revealed from postcollisional zircons in the Himalayan belt resulting from collision between India and Asia (Chu et al., 2011) . Thereby, we interpret ca. 300 Ma as the best estimated timing of the collision between the Central Tianshan block and Junggar terrane, accompanied by the closure of the Junggar ocean. This interpretation is supported by the presence of Central Tianshan-derived Precambrian detrital zircons in sample 13XX8E (deposition age = ca. 292 Ma) in the North Tianshan belt, implying the collision occurring at some time before 292 Ma. Moreover, the scarcity of Precambrian components (5%) in this sample indicates its deposition shortly following the collision, further consistent with the ca. 300 Ma collision.
Other lines of evidence supporting the Central Tianshan-Junggar collision and closure of the Junggar ocean at ca. 300 Ma emerged from previous investigations. For example, Su et al. (2012) proposed that during early to late Carboniferous time, the closure of the Junggar ocean commenced by the welding of the Bogda arc with the Junggar terrane. The ca. 325 Ma ophiolitic rocks in the North Tianshan belt and ca. 325-320 Ma subductionrelated I-type granitic gneisses on the northern margin of the Central Tianshan block (personal observation, 2013) indicate that the Junggar ocean was not completely closed in the early late Carboniferous. The ca. 295 Ma postcollisional bimodal volcanic rocks in the Bogda arc and widespread ca. 290-250 Ma postcollisional alkaline, peraluminous, and high-K granitoids in the Central Tianshan and North Tianshan (e.g., Yuan et al., 2010; Chen et al., 2011; Shu et al., 2011b; Ma et al., 2015; B. Wang et al., 2014) suggest that the Junggar ocean must have closed at some time before 295-290 Ma. Moreover, systemic paleomagnetic studies of Carboniferous and Permian strata indicate that there was no significant relative motion among the Junggar, Yili, and Tarim terranes since the late Carboniferous (B. Wang et al., 2007) . Structural analyses in the North Tianshan belt further reveal a tectonic transition from subduction and accretion to postcollisional transcurrent shearing probably in the earliest Permian (e.g., B. . Taken together, these previous data are consistent with our interpretation that the final closure of the Junggar ocean, associated with arc-continent collision, probably took place at ca. 300 Ma.
Based on previous and our new data, we propose the following tectonic model for the Paleozoic evolution of the Junggar ocean (Fig. 9) . During early Paleozoic time (Fig.  9A) , the presence of 475-450 Ma arc-related I-type granodiorites in the Central Tianshan block (Ma et al., 2013 Shi et al., 2014) indicates that the Junggar ocean had probably started to subduct southward beneath the Central Tianshan (part of the northern Tarim at that time). In the accretionary prism north of the Central Tianshan, intermediate and mafic rocks were buried, experiencing HP granulite-facies metamorphism. At ca. 440 Ma (Fig. 9B) , a slab rollback of the Junggar ocean led to the opening of the South Tianshan back-arc basin/ocean between the Central Tianshan and Tarim blocks and exhumation of the accretionary HP granulites. During the Devonian to Carboniferous (Fig. 9C) , a series of island arcs (e.g., Bogda, Dananhu) developed within the Junggar ocean. At ca. 300 Ma (Fig. 9D) , the Junggar ocean finally closed, associated with arc-continent collision between the island arcs and the Central Tianshan block. Following the collision, the Eastern Tianshan underwent extension in association with the emplacement of large amounts of postcollisional plutons, which were probably derived from partial melting of Paleozoic juvenile crusts with significant involvement of depleted mantle materials. Therefore, the long-lasting evolution of the Junggar ocean has witnessed an advancing, then retreating, and finally renewed advancing subduction zone (Cawood et al., 2009) .
CONCLUSIONS
On the basis of a systematic U-Pb and Lu-Hf isotopic analysis on detrital zircons from sandstones in the North Tianshan belt and comprehensive comparisons with available data from adjacent regions, we hereby draw the following conclusions:
A Early Paleozoic (1) The 334 concordant U-Pb data from detrital zircons yielded dominant Paleozoic age populations at ca. 294, [313] [314] [315] [316] [317] [318] [319] [320] [321] [322] [323] [324] [325] [326] [327] [440] [441] [442] [443] [444] [445] [446] [447] [448] [449] [450] [451] [452] [453] [454] [455] Minor Precambrian ages were detected at ca. 550, 680-765, 890, 970-990, 1160 550, 680-765, 890, 970-990, -1250 550, 680-765, 890, 970-990, , 1500 550, 680-765, 890, 970-990, , 1690 550, 680-765, 890, 970-990, -1750 550, 680-765, 890, 970-990, , 1840 550, 680-765, 890, 970-990, -1970 550, 680-765, 890, 970-990, , 2440 550, 680-765, 890, 970-990, -2500 550, 680-765, 890, 970-990, , and 2615 550, 680-765, 890, 970-990, -2700 (2) Precambrian and 541-440 Ma highly evolved detrital zircons were probably derived from the Central Tianshan block, whereas most of the <440-300 Ma juvenile zircons were most likely sourced from the island arc-related rocks in the North Tianshan accretionary belt, and the <300 Ma zircons could be rooted in the postcolli sional granitoids in the Central Tianshan block and North Tianshan belt.
(3) The evolution of the Junggar ocean was involved in (a) early Paleozoic southward subduction beneath the Central Tianshan block, (b) a slab rollback since ca. 440 Ma, leading to the opening of the South Tianshan back-arc basin/ocean and exhumation of high-pressure granulites, (c) intra-oceanic subduction, giving rise to the development of a series of island arcs, and (d) the final closure at ca. 300 Ma, associated with arc-continent collision between the island arcs and Central Tianshan block and subsequent postcollisional magmatism.
(4) The Central Tianshan block was once part of the Tarim block during Precambrian time, and its separation from the northern Tarim probably resulted from early Paleozoic slab rollback of the Junggar ocean.
Although incomplete, this fundamental study prepares the ground and opens the door for emergence of a more comprehensive understanding of the evolution of the Junggar ocean.
